row (5'-CACC-3' / 5'-GGTG-3', 5'-CCAC-3' / 5'-GTGG-3', 5'-CTCC-3' / 5'-GGAG-3', 5'-CCTC-3' / 5'-GAGG-3', 5'-CACG-3' / 5'-CGTG-3', 5'-CCAG-3' / 5'-CTGG-3', 5'-CTCG-3' / 5'-CGAG-3', 5'-CCTG-3' / 5'-CAGG-3', 5'-CAGC-3' / 5'-GCTG-3', 5'-CGAC-3' / 5'-GTCG-3', 5'-CTGC-3' / 5'-GCAG-3', 5'-CGTC-3' / 5'-GACG-3', 5'-GAGC-3' / 5'-GCTC-3', 5'-GGAC-3' / 5'-GTCC-3', 5'-GTGC-3' / 5'-GCAC-3', and 5'-GGTC-3' / 5'-GACC-3').
Designing OGAB blocks for lambda phage genome reconstruction. The design of OGAB blocks would be affected by the distribution of naturally occurring Type IIS restriction enzyme sites. The Type IIS enzymes AarI, BbsI, BfuAI, BsmFI, and BtgZI were selected for candidate enzymes, since there is no cutting site in subcloning vector pMD19 (Takara Bio). In addition, the Type IIS enzyme BsmBI was also included among the candidates, since the three fragments of pMD19 generated by this enzyme are small enough and large enough against possible OGAB blocks (0.7 to 1.5 kb) at electrophoresis.
The restriction sites of these enzymes appeared to multiply through lambda DNA; thus we used multiple enzymes to generate OGAB blocks. Through simulation by varying combinations of the enzymes and lengths of possible OGAB blocks, we determined that if the length is 970 bp (50 blocks), all of the OGAB blocks can be assigned any of the enzymes AarI, BbsI, and BsmBI that do not cut the block (Fig. 3A) . Thus we determined that the enzymes AarI, BbsI, and BsmBI were appropriate for use and that the number of OGAB blocks should be 50. The lambda phage DNA was then virtually divided at every 970 bp. The dissection site was named the ideal dissection border. These OGAB blocks were numbered 01, 02, …, 49, and 50, in order from nucleotide numbers 1 to 48526 (Fig. 3A) .
In the case of seamless assembly, all of the possible protrusion candidates listed above should be searched from the target sequence. However, it would be almost impossible to assign all of the protrusions properly just on the ideal dissection border. Thus we searched for protrusion candidates from a window, which is a sequence around the ideal dissection border with a certain width in bp (Supplemental Table S1 ). Since the width of the window might affect the size deviation of the OGAB blocks, a short window was preferable. We calculated a smaller window size in the following procedure ( Supplemental Table S2 ). Initially, all of the windows were set to 4 bp and the individual protrusion candidates were counted. If there was a window that had no candidate, each window was expanded 1 bp in both the right and left directions. For example, the ideal dissection border between OGAB blocks 1 and 2 is between absolute nucleotide numbers 970 and 971. In the case of the 12-bp window around the ideal border, i.e., 965-GCTGCT|GGGTGT-976, where | indicates the ideal dissection border, the window contains six protrusion candidates (5'-ACAC-3' / GTGT-3', 5'-AGCA-3' / 5'-TGCT-3', 5'-CACC-3' / 5'-GGTG-3', 5'-CAGC-3' / 5'-GCTG-3', 5'-CCAG-3' / 5'-CTGG, 5'-CTGC-3' / 5'-GCAG-3'). However, in the case of an ideal dissection border between OGAB blocks 24 and 25, the 12-bp window is 23285-TCTTTT|AATTTT-23286 and there is no protrusion candidate. As a consequence, the first protrusion candidate for this dissection border appeared when the window size was expanded to 24 bp (Supplemental Table S1 and S2). After the window width was determined, we searched for the actual protrusion candidate in the window by starting from a border having fewer 4 candidates to a greater number of candidates by assigning a rarer protrusion preferentially. For borders between pGETS118-AarI and OGAB block 1, and for those between OGAB block 50 and pGETS118-AarI, 5 5ATTA-3' / 5 'TAAT-3' and 5anAAAA-3' / 5 'TTTT-3' were used, respectively. As a result, all OGAB blocks were found to be between 956 and 988 bp; the mean value ± standard deviation (coefficient of variation) was 970.4 ± 6.3 bp (0.65%), and that became 3691.4 ± 6.5 bp (0.18%) in the state of OGAB block plasmids ( Supplemental Table S6 ). These operations were performed by Microsoft Excel software.
Designing OGAB blocks for an artificial mevalonate operon. To construct an artificial mevalonate operon, the Saccharomyces Cerevisiae genes ERG10, ERG13, and HMG1 were converted to novel sequences whose codon usage was optimised for E. coli expression by synonymous codon substitution. These sequenced attached ribosome-binding sites at each gene upstream were connected in this order to form an artificial operon ( Fig. 4A ). This hereby de novo designed sequence, 5.9 kb in length, was divided into 55 OGAB blocks. In this case, only AarI was used because there was no recognition site in the objective sequence. The protrusions were assigned as described above.
As a result, the size of all OGAB blocks fell to between 98 and 117 bp; the mean value ± standard deviation (coefficient of variation) was 108.2 ± 4.5 bp (4.2%), and this became 2828.2 ± 4.5 bp (0.16%) in the state of OGAB block plasmids ( Supplemental Tables S3 and S4 ).
Preparation of OGAB block plasmids for lambda phage genome reconstruction. The OGAB blocks for lambda phage genome reconstruction were amplified by PCR using the primers listed in Supplemental Table S6 . PCR was performed using KOD DNA polymerase (Toyobo) under the following conditions: the reaction mixture consisted of 5 µl of 10×KOD Plus buffer Ver. 2, 3 µl of 25 mM MgSO4, 5 µl of dNTP (2 mM each), and 1 μl of KOD Plus, with water added to bring the volume to 50 µl. After denaturing the template DNA at 94˚C for 2 min, the mixture was subjected to 30 cycles of 98˚C for 20 sec, 55˚C for 30 sec, and 72˚C for 1 min. An A-protrusion at the 3' end was added to the obtained PCR fragment using A-attachment Mix (Toyobo) according to the instruction manual. The obtained DNA was ligated into pMD19 (simple) (Takara) using Mighty Mix ligation mixture (Takara), and then was used to transform each of the E. coli strains TOP10, JM109, and DH5α. The obtained plasmid was extracted and sequenced using specific primers. There are six mutations in authentic lambda phage DNA compared to sequence accession number J02459.1: g.138delG, g.14266_14267insG, g.37589C>T, g.37743C>T, g.43082G>A, and g.45352G>A. We reconstructed the lambda phage genome sequence of authentic DNA, except for one nucleotide: In OGAB block 10, we used the synonymous mutation g.9515G>C, which we had obtained by chance, instead of the wild-type sequence (Fig. 3 ).
Preparation of OGAB block plasmids for the artificial mevalonate operon construction. The
OGAB blocks for the artificial mevalonate operon were prepared by the method of Rossi 21 from synthetic oligonucleotides 80 bp in length, followed by PCR amplification of the extended doublestranded DNA fragment as follows. The extension and subsequent PCR reaction were performed seamlessly using KOD DNA polymerase (Toyobo) under the following conditions: the reaction mixture was 2.5 µl of 10×KOD Plus buffer Ver. 2, 1 µl of 25 mM MgSO4, 2.5 µl of dNTP (2 mM each); 0.5 μl of KOD Plus, 17.25 µl of water, 0.25 µl of 100 pmol/µl amplification primer (5'-TAGCACCTGCACGT-3'), and 1 µl of a mixture of 50 fmol/µl of both of the oligonucleotides listed in Supplemental Table S7 .
After the synthetic oligonucleotides were denatured at 94˚C for 2 min, the mixture was subjected to 30 cycles of 94˚C for 30 sec, 55˚C for 2 sec, and 74˚C for 6 sec, followed by incubation at 74˚C for 7 min.
An A-protrusion at the 3' end was added to the obtained PCR fragment using A-attachment Mix (Toyobo) according to the instruction manual. The obtained DNA was ligated into a pMD19 Simple Vector (Takara) using Mighty Mix ligation mixture (Takara), and then was used to transform E. coli strain JM109. The obtained plasmid was extracted and sequenced using specific primers.
Plasmid extraction from B. subtilis. The alkaline-SDS method described by Bron 26 was used as follows. Colonies on a plate were picked up by a toothpick and inoculated into 2 mL of antibioticcontaining LB medium. After the culture reached the late-log to stationary phase at 37 ˚C, the plasmid copy number was amplified by the addition of IPTG (Isopropyl-β-D-thiogalactopyranoside) to the culture at a final concentration of 1 mM, followed by cultivation for another 3 h. The bacteria were harvested by centrifugation at 15,000 × g for 30 s. The cell pellet was suspended in 100 µl of solution I (50 mM glucose, 25 mM Tris·HCl (pH8.0), 10 mM EDTA (pH 8.0)) containing 10 mg/mL of lysozyme, and incubated at 37 ˚C for 5 min. This solution was added to 200 µl of solution II (0.2 N NaOH, 1% (w/v) sodium dodecyl sulfate) and then agitated gently until it became transparent. The addition of 150 µl of solution III followed by gentle agitation produced a white precipitate. After centrifugation at 20,000 × g for 5 min, the obtained supernatant was transferred to a new tube and then extracted by 450 µl of mixture of phenol: chloroform: isoamyl alcohol (=25:24:1) and centrifuged at 20,000 × g for 5 min. After 320 µl of supernatant was moved to a new tube, 900 µl of 100% ethanol was added.
Vigorous mixing followed by centrifugation at 20,000 g for 10 min gave a DNA pellet at the bottom.
The pellet was rinsed with 900 µl of 70% ethanol. After complete removal of the liquid by a micropipette, the DNA was dissolved into 25 µl TE (10 mM Tris·HCl, 1 mM EDTA, pH 7.5). Usually, the TE contains 10 µg/ml of RNaseA to digest remaining RNAs. Eight microliters of this sample was used for the appropriate restriction endonuclease analyses.
Sequence confirmation of assembled constructs. Template plasmid DNA was amplified using an Illustra TempliPhi Large Construction Kit (GE Healthcare) according to the instruction manual. DNA 6 was sequenced by a 3130xL Genetic analyzer with a BigDye Terminator Cycle Sequencing Kit Ver.
3.1 (Applied Biosystems) using sequence-specific primers.
Plaque formation assay. The assembled plasmid containing the lambda phage genome was digested by lambda terminase (Epicenter) as follows. A 20 µl solution containing 100 ng of the relevant plasmid DNA, 2 µl of 10×ME buffer (supplied with the enzyme), 10 mM of ATP, and 1 µl of lambda terminase (2 unit/µl) was incubated for 30 min at room temperature and then purified by phenol:chloroform:isoamyl alcohol (=25:24:1) treatment and ethanol precipitation. After dissolution in 10 µl of TE, 1 µl was used for lambda DNA packaging, for which Gigapack III Plus Packaging Extract (Agilent Technologies) was used according to the instruction manual.
Quantitative real-time PCR. Relative quantification of DNA was performed using the StepOne Plus
Real-Time PCR System (Applied Biosystems) using SYBR Premix Ex TaqII (Tli RNaseH Plus) (Takara) as a reaction mixture. For the measurement of OGAB blocks for lambda phage reconstruction, a serial dilution of authentic lambda phage (Toyobo) was prepared for the standard curve. PCR was performed under the following conditions: 1 cycle at 95˚C for 30 s followed by 40 cycles at 95˚C for 5 s and at 60˚C for 30 s. The primers used are listed in Supplemental Table S6 .
Algorithm for ligation simulation. Simulation was performed using VBA in Microsoft Excel 2007. A DNA fragment (F) in the virtual ligation reaction was described using three parameters as Fi(ni, Li, Ri), where i is the fragment identification number (practically corresponding to the i-th number of the column on the Excel worksheet), n indicates the number of OGAB blocks in one ligating molecule, and L and R represent protrusion sequences at the left end of the OGAB block and the right end of the OGAB block, respectively. If L = R, these two protrusions are defined to be complementary and can be ligated. Before the ligation simulation is started, all OGAB blocks are oriented in the same direction with OGAB blocks in a final construct. Simulation was performed as follows. For the Fi(ni, Li, Ri) fragment, another fragment Fj(nj, Lj, Rj) that satisfied i ≠ j was selected by generating a randomised natural number j (j ≤ m, where m is the number of DNA molecules) by the RAND() command of VBA and was matched. If these two fragments satisfied Li = Rj, meaning that the left end of the Fi fragment could be ligated to the right end of the Fj fragment, then their parameters were converted to Fi(new)(ni(old)+nj(old), Lj(old), Ri(old)) and Fj(new)(0, 0, 0), respectively. On the other hand, if Ri = Lj, meaning that the right end of the Fi fragment could be ligated to the left end of the Fj fragment, then the parameters of the two fragments were converted to Fi(new)(ni(old)+nj(old), Li(old), Rj(old)) and Fj(new)(0, 0, 0), respectively. In the case where both Li ≠ Rj and Ri ≠ Lj, were satisfied, no ligation occurred and the parameters remained the same [F i(new)(ni(old), Li(old), Ri(old)) and Fj(new)(nj(old), Lj(old), Rj(old))]. One ligation cycle, which was defined as ligation for Fi, was started from i = 1 to m. After one ligation cycle was finished, all Fi fragments were sorted in descending order according to their Li values by using the sort command in the VBA macro to exclude Fi(0, 0, 0), and the total number of fragments that were not Fi(0, 0, 0) was counted. The obtained value was set as a new m value for the next ligation cycle.
Unless otherwise specified, the ligation simulation was performed until m reached m100%, where m100% represents the number of ligation products in one simulation that exhausted all of the canonical ligation pairs, and was calculated by using information on the initial numbers of OGAB blocks as follows: m100% = (the total number of initial OGAB blocks) -(the total number of less abundant OGAB blocks that might share same ligation junction) + 1. In the case where ligation efficiency = x%, mx% was calculated as follows: mx% = (the total number of initial OGAB blocks) -(the total number of less abundant OGAB blocks that might share the same ligation junction) × x / 100 + 1. BlpI generates an asymmetric protrusion, and thus the ligation of b forms a tandem repeat product c, which might have a higher r value. The ligation product of d, however, does not form tandem repeats but rather random repeat products due to the symmetric protrusion generated by EcoRI. F contained two fragments, KasI-BlpI and BlpI-AfeI, that were dephosphorylated at the KasI or AfeI site, and were the colourings for r were the same as those of the 6-fragment assembly. (B) An example of a simulated distribution of ligation products in terms of the number of OGAB blocks in one molecule of ligation product. This figure was constructed using 20 independent simulations under the conditions indicated in the graph area. This distribution profile is quite similar to a geometric or exponential distribution, except for the periodic absence of ligation products where n is equal to just multiples of the fragment number of assembly. This phenomenon is reasonable because, under the condition of exhaustive ligation, each ligation product must be surrogated by the surplus OGAB blocks compared with other blocks at both ends, but the ligation product with n equal to just multiples of the assembly scale doesn't require this criterion. However, the appearance of zero product peaks prevents the logarithmic transformation of plots that is necessary to calculate the exponential fitting curve. To overcome this issue, we divided each histogram peak according to the remainder of n divided by the assembly scale such as the bars having different colours. For each remainder group, data ranging between 0 < r < 10 (in the case of 6-fragment assembly) were picked and then each rate parameter λ was calculated separately (each fitting curve obtained is denoted as a dashed line coloured the same as the bars). The representative rate parameter λ for each condition was obtained by averaging all the 16 parameters except for zero remainder bars (black line). (C) Plots of the rate parameter λslope of exponential distribution that are calculated in the manner explained for the previous figure. All the plots converge to almost the same curve as λslope = 0.0054 × CVmol(%), even though there is an 8.5fold difference in assembly scale. (D) Rate parameter λaverage determined by naverage by Equation 5.
The obtained curve (λaverage = 0.0058 × CVmol(%)) was almost the same as that determined by the fitting curve (λslope = 0.0054 × CVmol(%)). Thus we confirmed that the distribution was almost exponential.
Supplemental Figure S9 . Identification of mismatch ligation in wrongly assembled plasmids from lambda genome reconstruction. All of the plasmids from tetracycline-resistance transformants of the lambda phage genome reconstruction were subjected to sequencing to check the precision of the ligation. Except for four constructs that were confirmed to be correctly assembled, all of the clones had more than one misligation. The bold blue lines indicate correctly ligated fragments, while the bold red lines show fragments that were ligated in the opposite direction from the bold blue lines. The bold black lines of #11 indicate structural ambiguity, even though the existence of the OGAB blocks was confirmed. Pairings of protrusions between mismatch OGAB blocks are superimposed between gaps in the OGAB blocks. All of the misligations except for #11 involve T-e.g., T-G or T-T base pairs. Red letters represent mutated nucleotides. In the case of #11, different types of misligation, other than Trelated misligations, were observed. These base pairings of protrusions are shaded. Due to the structural ambiguity, #11 was excluded from the calculation of the rate of mismatch ligation.
